Abstract
Introduction
Development of amperometric biosensors based on enzyme immobilization onto electrode surfaces in such way that they retain their fully activity and stability has become one of the most important issues in several fields ranging from environmental analysis to clinical diagnosis.
In this sense, nowadays, in nutritional literature, a high effort is devoted to study several aspects of free radicals, a type of unstable compounds produced during metabolic processes. An excess of free radicals in the human body, which can be caused by pollution, sunlight or smoke of cigarettes overexposure, promotes oxidative damage in cells, accelerating the aging process. Among the different compounds with antioxidant properties, polyphenols play a protective role against human diseases associated with oxidative stress. They are commonly present in fruits, legumes, vegetables and several beverages. Accordingly, during the last years, numerous studies aimed at evaluating the antioxidant capacity of natural products, such as wines, teas and herbal infusions, have been reported. In particular, special attention has been paid to the development of new methodologies, such as amperometric biosensors based on tyrosinase, peroxidase or laccase enzymes, which can be employed as alternative methods for total polyphenolic content determination in foods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Laccases, which have been employed in a less extent than tyrosinases for phenols quantification, are a type of copper-containing oxidoreductases produced by numerous plants, fungi, and bacteria. In particular, Trametes versicolor laccase, TvL, (dimensions of 7.0 nm × 5.0 nm × 5.6 nm) [11] is a fungal laccase containing four copper ions located in sites denoted as T1, T2 and T3 in the active center of the enzyme [12] [13] [14] .
Among laccases from different sources, there are remarkable differences such as molecular weight, substrate specificity and optimum pH, but they have in common the 4 capability to oxidize benzenediols/phenols to the corresponding phenones with the concomitant reduction of oxygen. Thus, the detection of polyphenolic compounds can be based on measuring the reduction current of quinones generated as products of the enzymatic reaction.
The performance of enzyme-based amperometric biosensors depends on several factors, mainly on the catalytic activity preservation after the enzyme immobilization onto solid electrodes. Since the immobilization process can produce an alteration of the three-dimensional conformation of the enzyme that leads to a diminution of the catalytic activity, an adequate choice of the immobilization strategy plays a crucial role in the biosensor design and performance. In the particular case of laccase-based biosensors, an extensive research effort has been addressed to immobilize laccase on surfaces by different immobilization strategies in order to design biosensors with a wide range of applications [15, 16] . In this sense, laccase immobilization has been performed in the literature on different solid supports (glassy carbon, carbon paste, platinum, gold) using immobilization strategies such as direct adsorption, covalent binding, entrapment in polymeric membranes or gels and cross-linking procedures. Recent advances in this field are related to the development of new support matrix as suitable platforms (most of them including nanomaterials) for enzymes immobilization, which lead to biosensors with improved analytical properties. So, in recent works, laccase has been immobilized by direct adsorption, covalent binding or entrapment onto: epoxy resin membranes [9] , mesoporous materials with well-controlled pore structures [10, 17] , multi-walled carbon nanotubes paste electrodes [18] , nanocomposites formed by chitosan and carbon nanotubes [19] , copper-containing ordered mesoporous carbon chitosan matrix [8] , pyrenehexanoic acid-modified hierarchical carbon microfibers/carbon nanotubes composite electrodes [16] , polyvinyl alcohol photopolymers [20] , sol-gel matrix of 5 diglycerylsilane [21] , 3-mercaptopropionic acid self-assembled monolayer modified gold electrodes [22] , cysteine self-assembled monolayer and quantum dots modified gold electrodes [23] , nanocomposites of silver nanoparticles and zinc oxide nanoparticles electrochemically deposited onto gold electrodes [24] , platinum nanoparticles and reduced graphene composites deposited onto screen printed electrodes [25] , polyethyleneimine coated gold-nanoparticles modified glassy carbon electrodes
[26], multiwalled carbon nanotubes and polypyrrole electrocodeposited onto platinum electrodes [27] .
In this paper, we describe the development and characterization of three different laccase, from Trametes versicolor (TvL), based biosensors for polyphenols determination. Among the different available strategies to achieve the enzyme immobilization onto gold surfaces, we have focused our attention on: i) direct adsorption of TvL onto a gold substrate, ii) covalent bonding to a self-assembled monolayer (SAM) and iii) encapsulation into a sol-gel matrix. The morphological characteristics at the nanometer level of the developed biosensors were obtained by atomic force microscopy (AFM) technique. The influence of the enzyme immobilization strategy on the analytical performance of the resulting biosensors was evaluated using hydroquinone as a model phenolic substrate.
Experimental Section

Reagents and solutions
Laccase (EC 1.1. Milli-Q-System. All solutions were prepared just prior to use. by 512 x 512 pixels. The thickness of the MPTS layer was estimated in air conditions with silicon cantilevers through force curve analysis.
Experimental techniques
Atomic force microscopy measurements
Electrochemical measurements
Cyclic voltammetric and amperometric studies were carried out with an Ecochemie Autolab PGSTAT12 system (Utrecht, The Netherlands). The electrochemical experiments were carried out in a three-compartment electrochemical cell with standard taper joints so that all compartments could be hermetically sealed with Teflon adapters.
A gold electrode was used as working electrode. A large-area coiled platinum wire was employed as a counter electrode. All potentials were reported against a Ag/AgCl reference electrode without taking into account the liquid junction.
Procedures
Preparation of the electrochemical biosensing platforms
Prior to each experiment, gold electrodes were polished with 1 µm diamond paste The three different enzyme immobilization approaches employed for biosensors preparation are summarized in scheme 1A.
AFM measurements
Gold supports employed for AFM measurements were previously annealed for 2 min in a gas flame in order to obtain Au (111) terraces and imaged in buffer solution to assess that the surface was flat and clean prior to enzyme immobilization. The images, before and after TvL immobilization, were taken with different cantilevers in order to ensure that the imaged structures were not due to tip artefacts.
Results and discussion
Immobilization of TvL onto gold surfaces by different approaches: characterization by AFM.
A critical step in developing biosensors is the enzyme immobilization onto the transducer. Physical adsorption is a rapid and easy way to immobilize enzymes on gold, which is a rather interesting material for bioelectronic devices. However, it may result in low stability of the enzyme on the electrode; thus a stronger linkage is sometimes required for biosensor applications. One of the approaches employed successfully to The previous data will be useful to interpret those obtained from the AFM images of the TvL/MPTS/Au surface (figures 3A and 3B). In this case, the micro-granular structure of the gold substrate is also blurred or dimmed as the grain boundaries are not so clearly observed now ( figure 3A ). This fact agrees with the observations already reported on the MPTS/Au surface [28] . It is worth to note that the surface of the flat grains is more homogeneous as quite less three dimensional laccase aggregates are imaged ( figure 3B ). However, the high resolution imaging (inset of figure 3A) shows that the laccase layer is less compact (more porous) than in the previous cases, where it was physically adsorbed or covalently bonded. This larger porosity together with tip 
Evaluation of the biosensor response.
Laccase catalyzes the oxidation of benzenediols with concomitant reduction of O 2 to H 2 O [29] . In the biosensing platforms developed in this work, hydroquinone was selected as a model phenolic substrate. According to scheme 1B, laccase catalyzes the oxidation of hydroquinone to quinone through its active center T1 acting the molecular oxygen as final electron acceptor, which is reduced to water [12] . The quinone enzymatically generated is reduced to hydroquinone at the electrode surface, giving rise to an electrocatalytic current. Thus, the concentration of hydroquinone, or other 13 phenolic substrates, can be determined by monitoring this electrocatalytic current.
In order to assess whether the developed laccase based biosensors present catalytic activity towards phenolic compounds and to evaluate the influence of the enzyme immobilization strategy on the analytical performance of the resulting devices, its cyclic voltammetric response in the absence and in the presence of hydroquinone was obtained.
Hydroquinone presents electrochemical response at gold electrode, thus the first step was to study its response under the same experimental condition than those employed for the biosensor. at the same conditions as in figure 4B . In the presence of hydroquinone (scan a of figure   4C ), it can be observed that in the anodic scan there are not oxidation peaks, indicating that hydroquinone was not present near the electrode since the enzymatic reaction was taking place. In contrast, in the cathodic scan, since quinone is generated as product of the enzymatic reaction, a clear response ascribed to its electrocatalytic reduction was observed. Obviously, in the absence of hydroquinone (scan b of figure 4C ) no peaks were obtained. For both TvL/DTSP/Au and TvL/MPTS/Au platforms, similar cyclic voltammograms to those displayed in figure 4C were obtained ( Figure 1S ). Moreover, an important point to take into account is that related to the simplicity of the biosensor fabrication process. In this sense, the three biosensors designed in the present work involve an easy fabrication process, allowing to obtain similar or better analytical parameters than those showed in the 
Conclusions
In this paper, the influence of different enzyme immobilization strategies on the performance of TvL biosensing platforms is studied. The three methods selected for the immobilization process are based on different interactions between the enzyme and the surface: i) unspecific adsorption, ii) covalent binding and iii) inclusion in a sol gel matrix. In presence of a phenolic compound, the biosensing platforms exhibit electrocatalytic activity, and hydroquinone can be amperometrically determined at -0.10 V versus Ag/AgCl. The biosensor based on sol-gel technology exhibits a lower detection limit and a wider linear concentration range, when compared with biosensors based on direct adsorption and covalent binding, respectively. In this sense, this relative biosensing performance enhancement is explained by the incorporation of a higher amount of enzyme, which is enabled by the three dimensional sol-gel network. In 18 addition, the sol-gel network provides with a biocompatible and friendly environment to enzyme encapsulation, leading to biosensors with an excellent stability. 
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